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Layered metallic transition-metal dichalcogenides are conventionally seen as two-dimensional 
conductors, despite a scarcity of systematic studies of the interlayer charge transport conducted in a 
well-defined geometry. Here, we reveal c-axis-oriented quasi-one-dimensional electronic states in 1T-
TaS2, a layered system hosting a plethora of diverse phases, by probing its out-of-plane electrical 
resistivity using focused-ion-beam-tailored crystals. While the in-plane conduction appears non-
metallic due to presence of a unique nanoarray of charge density wave (CDW) domains, the interlayer 
resistivity has a metallic temperature dependence with the anisotropy close to one, as a result of 
intertwining of the orbital and CDW orders. The compound is known for what was believed to be a 
Mott-type localisation below 150 K, yet with our data, supplemented by ab-initio calculations, we 
interpret the transition as a Peierls-like instability of the quasi-one-dimensional electronic structure. 
Our findings present a very unintuitive behaviour in a van der Waals crystal. 
 
Layered materials have remained at the forefront of research thanks to advances in the manipulation of 
atomically thin sheets of crystals1, enabling engineering complex solid state systems with promises for a 
variety of technological applications2,3. Tuning interlayer interaction in such structures can give rise to 
novel surprising phenomena, as exemplified by some recent discoveries, such as superconductivity and 
strong electronic correlations in magic-angle graphene superlattices4,5 or long-lived excitons in 
heterobilayers of transition metal dichalcogenides (TMDs)6. However, up to this point the out-of-plane 
charge transport in layered materials, which is a sensitive tool for studying the interlayer coupling, has 
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not been investigated as thoroughly as the in-plane counterpart. In the case of conducting TMDs, the 
reported values of the ratio of interlayer (ρ) to intralayer (ρǁ) resistivities—the resistivity anisotropy—are 
considerably spread out, spanning the range between 8 and 2000 across several studied compounds7–11, 
and therefore do not paint a universal picture of the mechanisms that govern the motion of electrons 
between the atomic planes. A major hindrance to a more thorough study of the interlayer resistivity of 
these materials is the characteristic morphology of the available single crystals, which typically have very 
limited extent along the c-axis compared to their lateral dimensions12,13, making it difficult to constrain 
the current flow in a direction strictly perpendicular to the layers. Furthermore, the intrinsic physics can 
become obscured by effects caused by crystallographic defects or delamination, which are often prevalent 
due to weak mechanical interlayer coupling. A need of better understanding of the out-of-plane charge 
transport in TMDs has prompted us to rigorously investigate this property in a representative layered 
compound 1T-TaS2. By preparing a sample using focused ion beam (FIB) microfabrication, we overcame 
the associated experimental challenges and uncovered previously unknown properties of the actively 
studied material. 
1T-TaS2 stands out from the other conducting TMDs by adopting the largest number of different charge 
density wave (CDW) instabilities, giving the compound a rich pressure-temperature phase diagram14 (Fig. 
1a). Each phase has a distinct lattice distortion, but most of them share the same common element — a 
David-star-shaped cluster (abbreviated as DS) of 13 Ta and 26 S atoms15 (Fig. 1b). The different CDW orders 
are classified based on the degree of commensurability between the associated modulation period and 
the lattice spacing. The respective phases, schematised in Fig. 1c–f, are commonly denoted as 
incommensurate (IC), nearly-commensurate (NC) and commensurate (C). Additionally, the triclinic (T) 
phase, with an aperiodic lattice distortion of striped pattern, can be observed during a warm-up16. The 
different CDW orders of 1T-TaS2 are known to possess quite diverse charge transport properties14,17. This 
fact suggests that, if there was a simple way to externally induce phase transitions in the material, it could 
serve as an excellent basis for device engineering. Indeed, it has been demonstrated that it is possible to 
switch between distinct charge transport regimes in 1T-TaS2 via an application of a light or voltage 
pulse11,18,19. Given that this phenomenon has been observed in a multilayer crystal and not in monolayers, 
it is certain that the interlayer coupling is involved. 
A long-standing question concerning 1T-TaS2 is the nature of the first order NC to C phase transition, which 
has traditionally been attributed to a Mott localisation. According to the established theoretical 
description, each DS has 12 electrons which fully occupy the bands forming upon the development of 
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CDWs. The 13th electron occupies the half-filled band located above the CDW-induced gap, cannot hop 
due to a strong electron-electron interaction20–22. Such a description is in line with a number of 
spectroscopic investigations23–25, but the high disorder26–28 and pressure14,17 sensitivity of the phase is 
suspicious, as it implies that the electronic hopping and Coulomb energies are such that the system 
coincidentally sits almost exactly at the metal-insulator boundary. The described fragility is, however, 
reminiscent of the propensity for instabilities common among one-dimensional systems29,30. Furthermore, 
the Mott localisation scenario has also been challenged by recent band structure calculations, which 
indicate that the band gap forms due to a dimerisation of the DS layers31–34. Untangling the underlying 
physics of the C phase and clarifying the role of interlayer coupling further impel the investigation of the 
out-of-plane charge transport. 
Here, we employed FIB microstructuring to enable highly accurate measurements of the in-plane and out-
of-plane electrical resistivities of bulk monocrystalline 1T-TaS2 as functions of temperature and 
hydrostatic pressure. We show that resistivity anisotropy in the compound is, astoundingly, of the order 
of unity. Another striking and counterintuitive revelation is metallic ρ, in presence of apparently non-
metallic ρǁ in the NC phase. We provide results of numerical band structure calculations supporting a 
conjecture that the primary source of such unusual behaviour is the formation of quasi-one-dimensional 
states organised along the out-of-plane direction of the crystal. 
FIB-microstructuring of materials has been utilized with great success for probing charge transport in 
solid-state systems35 and was essential in making an accurate measurement of the ρof 1T-TaS2 possible. 
That being said, the microfabrication process was far from trivial, and it took us several iterations before 
we produced a sample which gave a clean, reliable signal and was robust enough to survive the high-
pressure experiments. Fig. 2a shows the final design: a monocrystalline lamella shaped into a structure 
which ensured a well-defined measurement geometry, absence of current jetting effects36 and minimised 
the mechanical stresses experienced by the crystal. We describe the optimal sample preparation 
procedure in the Supplementary Information, where we also point out the associated caveats and present 
finite element simulations supporting our results. 
The previously published values of resistivity anisotropy of 1T-TaS2 are around 500 (Ref. 10) and between 
200 and 2000, depending on temperature11. These results have been interpreted as an indication that 
electrons in 1T-TaS2 are confined to individual layers, separated from each other by tunnelling barriers. 
Such a picture, however, is contradicted by the recent band structure calculations and angle resolved 
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photoemission spectroscopy experiments indicating a sizeable band dispersion along the kz-axis of the 
Brillouin zone33,34,37–41, implying the existence of a long range electronic interlayer coherence. 
A plot of the ρ and ρǁ of 1T-TaS2 (Fig. 2b), measured simultaneously on the same microstructured sample, 
presents comparable resistivity values for the two current directions. In the temperature range between 
1.8 K and 400 K, the anisotropy varies between 0.6 and 4.3 (Fig. 2c), which is on average more than two 
orders of magnitude smaller than the published values10,11. Transitions from the IC to NC and then to the 
C phase upon cooling are accompanied by discontinuous reductions of anisotropy, despite the associated 
increases in the interlayer spacing42. A clear signature of the T phase, which is typically much less 
pronounced in the existing literature, can be seen in the warm-up curve between 230 K and 270 K. 
However, the most remarkable and unexpected behaviour is associated with the NC phase, in which the 
ρǁ increases upon cooling but the ρ is clearly metallic. 
The NC phase can be seen as a nanoarray of hexagonal domains of the DS’s, arranged in a triangular lattice 
and separated by regions of aperiodically distorted crystal. It is therefore natural to ask what fraction of 
the crystal contributes to the observed c-axis metallicity. To answer this question, we compared 1T-TaS2 
with two other TMDs, 2H-TaSe2 and 2H-NbSe2, known to possess c-axis metallicity from earlier far-infrared 
optical reflectivity measurements and having a homogeneous in-plane structure7,8. FIB-prepared samples 
were used to obtain values of room temperature resistivity for the two principal directions. As can be seen 
in Fig. 2d, all three materials show comparable ρ close to 1 mΩcm, suggesting that the out-of-plane 
conduction in 1T-TaS2 is not percolative or filamentary. In a direction perpendicular to the layers, the 
hexagons of DS’s are packed in a manner similar to atoms in a face-centered cubic lattice43. Such an 
arrangement ensures that any straight path parallel to the c-axis passes through a DS domain at least once 
every three layers. Therefore, the DS domains must be metallic in the out-of-plane direction. At the same 
time, the ρǁ of 1T-TaS2 is approximately 6 times higher than for 2H-TaSe2 and 2H-NbSe2. This suggests that 
the anomalously low resistivity anisotropy in the NC phase of 1T-TaS2 is primarily a consequence of the 
enhanced ρǁ rather than reduced ρ. This situation remotely resembles the case of the quasi-one 
dimensional conductor BaVS3, where the on-chain correlations strongly enhance intrachain resistivity, but 
hardly influence the interchain hopping, which manifests as a very low resistivity anisotropy44. 
It is possible to stabilise the NC phase in 1T-TaS2 over a broader temperature interval by either reducing 
the thickness of the crystals below 100 nm19,45 or by applying moderate pressure14,17. We employed the 
latter approach, subjecting the sample to hydrostatic pressures of up to 2.1 GPa in order to investigate 
the low temperature out-of-plane charge transport in the NC phase and its reaction to the reduction of 
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interlayer spacing. The measured ρǁ (Fig. 3a) is consistent with the published results14,17. Applying pressure 
of 0.9 GPa resulted in a full suppression of the C phase, revealing that the ρ in NC phase remains metallic 
down to the lowest temperatures (Fig. 3b). Further increase of pressure caused the shape of the low 
temperature part (0 to 30 K) of the ρ go from approximately linear to quadratic (shown in the 
Supplementary Information), likely as a result of stiffening of the phonon modes and establishment of 
electron-electron interactions as the dominant source of scattering. 
Having demonstrated that the NC phase of 1T-TaS2 is a Fermi-liquid metal in the out-of-plane direction, 
we draw the attention back to the in-plane charge transport. It exhibits a negative temperature coefficient 
of resistivity (TCR), but unlike in an insulator, the ρǁ remains finite in the zero temperature limit. Such 
unconventional behaviour is also characteristic of atomically thin and monolayer samples of 1T-TaS218,45, 
implying that it must be dictated predominantly by the intralayer physics. A most straightforward 
interpretation revolves around the composite nature of the NC phase. It should be noted that the 
depiction of its structure as a Kagome-type lattice of the DS domains, prevalent in recent literature14,18,46, 
is an oversimplification. Earlier scanning tunnelling microscopy measurements have indicated that upon 
cooling the DS domains maintain their orientation, but increase in size, and the lattice they form rotates 
away from a honeycomb-like and towards a Kagome-like configuration47,48. This leads to a constriction of 
the interdomain network channels, which should exhibit a relatively good in-plane metallicity, due to a 
suppression of the CDW amplitude48. As a result, a larger fraction of the current is forced to pass through 
the less conductive DS domains, which explains the negative TCR. An extensive analysis of our powder X-
ray diffraction data shows that such rotation also happens as a function of pressure. We detail and 
visualise the pressure-induced changes in the crystal structure of the NC phase of 1T-TaS2 in the 
Supplementary Information.  The interpretation of the in-plane charge transport relying only upon the 
geometrical considerations provided above is, however, challenged by the fact that the T phase has only 
up to 15% higher ρǁ and effectively the same in-plane TCR compared to the NC phase, despite the 
respective lattice distortion patterns being substantially different. 
Given the presented experimental data, we now consider how the observed charge transport could be 
related to the electronic structure of 1T-TaS2, specifically inside the DS domains. We assume that the in-
plane conductivity of the weakly distorted aperiodic interdomain regions is not substantially worse than 
that of the IC phase14,17. Hence, the enhancement of the ρǁ, leading to the low resistivity anisotropy, must 
come from the DS domains, which therefore should conduct much better in the out-of-plane than in the 
in-plane direction. This means that the charge transport properties of the DS domains are distinctly 
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different from those of the C phase, even though both share the same in-plane structure (the DS 
superlattice). Recent density functional theory (DFT) calculations30,31,34 indicate that the electronic band 
structure of commensurately distorted 1T-TaS2 varies drastically depending on the interlayer stacking of 
DS. As in Ref. 33, we denote the configuration where for two successive layers the DS superlattices are 
not laterally shifted with respect to each other as the A stacking (Fig. 4a), and the configuration where the 
centre of a DS in one layer corresponds to an outermost Ta atom of a DS in a neighbouring layer as the L 
stacking (Fig. 4b). The C phase appears to have a mixed form of stacking, alternating between A and 
randomly directed L types, so that the DS in the A stacked bilayers form dimers28,29 (the AL stacking). In 
the NC phase the DS domains in adjacent layers overlap only partially, and according to published 
crystallographic data43, in each overlap the DS’s follow one of the three possible orientations of the L 
stacking (L, I and H types according to Ref. 33). For three and more layers the actual stacking order can be 
more complicated than the simple L stacking, therefore DFT is expected to reveal only some aspects of 
the electronic structure, rather than a complete picture. That being said, past calculations performed for 
the A stacking have resulted in the energy-momentum plots containing a single metallic band with a much 
stronger dispersion along the ГA direction of the Brillouin zone than in the ГMK plane30,31,33,34. Such 
electronic structure is consistent with the out-of-plane conduction being significantly better than the in-
plane one, which is a property that we ascribe to the DS domains in the NC phase. 
We performed our own DFT calculations for the A- and L-stacked DS superlattices, looking for features in 
the electronic structure that could help with interpreting the resistivity data. Given the strong electron-
phonon and, possibly, electron-electron interactions in 1T-TaS2, we enabled the relaxation of the lattice 
and included the on-site Coulomb energy U. In all of the previous theoretical works either one or both of 
these ingredients have been neglected. In the case of A stacking, the obtained band structure (Fig. 4c) has 
even lower dispersion in the ГMK plane than suggested by the earlier studies and an effectively flat Fermi 
surface (Fig. 4e). By considering the ratio of Fermi surface averages of squared in-plane and out-of-plane 
velocity components, we predict the resistivity anisotropy of the modelled state to be approximately 
0.023, while the analogous value for the completely undistorted lattice is as high as 40. The electronic 
structure of the L-stacked crystal has a lower anisotropy (Fig. 4d,f,g), yet the density of states and the 
Fermi surface still have a pronounced quasi-one-dimensional character. Based on the orientation of the 
conductivity ellipsoid (Fig. 4g), the direction of maximal conductivity approximately follows the line 
connecting a DS to its nearest neighbour in an adjacent layer. The predicted ratios between the resistivity 
along the most conductive direction and the resistivities along the other two principal axes of the ellipsoid 
are around 0.077 and 0.2. 
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The presented calculations indicate that for both types of stacking the system develops a single-band 
quasi-one-dimensional dispersion in a wide window around the Fermi energy. This means that each DS 
effectively has a single electronic orbital, and that the nearest-neighbour tight-binding overlap between 
these orbitals is always significantly better for two DS’s in successive layers than for a pair of DS’s in the 
same layer. The type of stacking is expected to affect the shape of the orbitals37. The overlap of orbitals 
results in a formation of chains that follow the sequence of nearest-neighbour DS’s in adjacent layers, 
with each DS having only one nearest-neighbour DS in any of the adjacent layers. These DS chains clearly 
show up in the calculated electron density plots, found in the Supplementary Information. The formation 
of DS chains is the probable source of the c-axis metallicity in 1T-TaS2 and mechanism that greatly 
influences the resistivity anisotropy of the compound. The simple tight-binding picture is supported by 
the fact that the predicted direction of maximal conductivity and the orientation of the chains are in good 
agreement with each other. In the NC phase, the chains are expected to form in the regions where the DS 
domains laterally overlap across a sizeable number of layers. Even if the two stacking arrangements we 
considered do not precisely represent the actual DS stacking, in the absence of structural dimerisation 
(the NC phase has a three-layer periodicity along the c-axis), and as long as the stacking disorder remains 
small, the metallicity of the chains is expected to survive.   
Given our description of the electronic structure in the NC phase, it becomes reasonable to regard the 
transition to the C phase as a quasi-one-dimensional instability, driven by the energy gain from the 
modulation of the interlayer hybridisation of orbitals. The mechanism bears close resemblance to the 
Peierls instability: a metal-insulator transition occurs as a result of a dimerisation of a one-dimensional 
chain. However, this concept is applicable only in a loose sense, given the continuous nature of the order 
parameter in genuine Peierls systems. In 1T-TaS2 the change of the CDW modulation occurs in a 
discontinuous manner, through a discrete change of DS stackings, which explains the first order type of 
the phase transition. Such proposition to view the insulating C phase as a consequence of the particular 
stacking order (the AL stacking) has recently been made by Ref. 33 and Ref. 34. The idea has been 
discussed with a meticulous comparison of cohesive energies and bands structure calculations for various 
stacking orders, and it decisively challenged the long standing Mott localisation scenario. However, there 
has so far been a lack of reliable experimental observation of the out-of-plane-metallic state in 1T-TaS2, 
which appears as a precursor in the stacking-order scenario, and the existence of which would directly 
confirm the underlying assumption about the dominant role of the interlayer DS dimerisation. The 
resistivity data we present here serves as the direct evidence of the c-axis metallicity in the NC phase. 
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Simultaneously, our DFT calculations show that the interlayer DS hybridization is a major consequence of 
structural relaxations under imposed stacking constraints. 
To summarise, by employing FIB-based microfabrication we developed the sample preparation process 
enabling us to conduct reliable and accurate measurements of the in-plane and out-of-plane resistivities 
of 1T-TaS2. The experiment revealed a charge transport anisotropy close to unity and previously unseen 
metallic interlayer conduction in the presence of the NC CDW order. In addition to uncovering these new 
properties, our experiments confirm the presence of the sizeable out-of-plane electronic coherence in 1T-
TaS2, predicted by the earlier studies33,34,37–41. Our DFT calculations, performed for the commensurately 
distorted crystal, show that the electronic orbitals are always expected to form quasi-one-dimensional 
chains extending along the out-of-plane direction. This tendency explains the low anisotropy and the out-
of-plane metallicity in the NC phase. Consequently, we interpret the NC to C phase transition as a quasi-
one-dimensional instability, and support the idea of the C phase being a band insulator, rather than a 
Mott state, as has been thought previously. The hidden state involved in the resistive switching in 1T-TaS2 
has very recently been shown to be the NC phase49. Therefore, exploiting the interlayer conduction nearly 
doubles the resistivity change upon switching, compared to the difference seen in the in-plane charge 
transport, making for a more robust performance of a potential device. Furthermore, miniaturisation and 
production scalability requirements additionally favour utilisation of the out-of-plane charge transport. It 
is also quite staggering that a lattice distortion is, in principle, capable of changing the resistivity 
anisotropy by three orders of magnitude. This notion opens additional avenues for technological 
applications of layered materials. 
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Figure 1 | David-star clusters in different phases of 1T-TaS2. a, Pressure-temperature phase 
diagram of 1T-TaS2 based on the resistivity data of Sipos et al.14 and this study. SC denotes the 
superconducting phase and the remaining labels are defined in the bottom panels. The black lines 
represent the approximate phase boundaries. The striped areas indicate the regions where hysteresis 
occurs upon heating and cooling. The triclinic phase (T) is observed only during a warm-up. 
Superconducting transition temperature is multiplied by 10 for clarity. b, Visualisation of the in-plane 
displacement of Ta atoms (red arrows) leading to the formation of a 13-atom David-star-shaped 
cluster (blue outline). c–f, Schematic illustration of the in-plane lattice distortions in the commensurate 
(c), nearly-commensurate (d), triclinic (e), and incommensurate (f) charge density wave phases. The 
David-star clusters are marked with the dark blue outlines. Light blue dots stand for the Ta atoms. The 
purple mesh represents locally aperiodic reductions of Ta-Ta distances. 
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Figure 2 | Focused-ion-beam-fabricated sample and electrical resistivities of 1T-TaS2, 2H-TaSe2 
and 2H-NbSe2. a, Scanning electron microscope image of the bulk monocrystalline sample of 1T-
TaS2 prepared using focused ion beam. False colouring is used for illustrative purposes. The arrows 
indicate the orientation of the crystal (purple). A layer of gold (beige) formed the conductive paths 
between the crystal and external leads. The rectangular ramps, created using in-situ platinum 
deposition, provide mechanical stability and improve the continuity of the gold layer. b, Temperature 
dependence of electrical resistivities of 1T-TaS2 measured on the microfabricated sample. The bar 
below the curves indicates temperature intervals corresponding to the different phases encountered 
upon heating (solid line) and cooling (dashed line). Sharp features accompanying the jump in 
resistivity near 135 K appear due to temporary internal stresses experienced by the sample as a result 
of a rapid volume change during the phase transition. c, Ratio of interlayer to intralayer resistivities 
(ρ/ρǁ) of 1T-TaS2 as function of temperature. d, Comparison between the room temperature in-plane 
and out-of-plane resistivity values of 1T-TaS2 and two other metallic transition metal dichalcogenides: 
2H-TaSe2 and 2H-NbSe2. All samples were microstructured with focused ion beam. 
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a b 
Figure 3 | High-pressure resistivity of 1T-TaS2. In-plane (a) and out-of-plane (b) electrical 
resistivities of 1T-TaS2 (ρ and ρǁ, respectively) as functions of temperature for different applied 
hydrostatic pressures. 
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Figure 4 | Numerical calculations of the electronic structure of 1T-TaS2. a,b, Possible relative 
arrangements of the David-star-shaped clusters (only Ta atoms are shown) in successive layers of 
commensurately distorted 1T-TaS2, considered for our density functional theory (DFT) calculations. 
These configurations are denoted to as the A stacking (a) and the L stacking (b), after Ref. 33. The red 
arrows join the Ta atoms sharing the same lateral position. The top right sections of both panels display 
the first Brillouin zones (pink polyhedra) for the corresponding lattices in relation to the first Brillouin 
zone for the completely undistorted 1T-TaS2 (blue wireframe). c,d, The respective electronic band 
structures and densities of states (DOS) predicted by the DFT calculations for relaxed lattices and with 
the on-site electron-electron interaction energy U=2.41 eV. The directions traced in the reciprocal space 
are visualised in the panels a and b. The plots use different colours for different electronic bands. For 
both types of stacking the electronic structure contains a single metallic band (yellow) with a strong 
dispersion along the ГA direction. e,f, The respective Fermi surfaces in the first Brillouin zones of the 
reconstructed lattices (see panels a and b). The presence of extended open sheets in both surfaces 
indicates a quasi-one-dimensional character of the corresponding electronic structures. g, The 
conductivity ellipsoid calculated from the electron energy dispersion near the Fermi surface (i.e 
assuming isotropic relaxation time), in relation to the crystal structure for L stacking. The long axis of 
the ellipsoid indicates the direction of the highest conductivity. The ellipsoid is slightly slanted 
(approximately 8 degrees) with respect to the thick black line connecting the centers of a pair of nearest-
neighbour clusters (shown in red) in two adjacent layers. The ratios of the highest conductivity to the 
conductivities along the two shorter principal axes of the ellipsoid are around 13 and 5. 
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Methods 
Synthesis of 1T-TaS2 single crystals. The single crystals of 1T-TaS2 were prepared from the elements 
using the chemical vapour transport technique via a reversible chemical reaction with iodine as a 
transport agent, between 950 °C (hot zone) and 900 °C (cold zone). The 1T-polytipic phase is obtained by 
the addition of SnS2 (less than 0.5% in weight) and by rapid cooling from the growth temperature50. 
Focused ion beam microfabrication. The FIB microfabrication was conducted using Xe plasma Helios G4 
and Ga ion Helios G2 FIB microscopes manufactured by FEI. The Supplementary Information contains a 
thorough description of the process. 
Resistivity measurements. Resistivity was measured via the four-point technique with direct or 
alternating excitation currents in the 20–40 µA range. Temperature sweeps were conducted with the 
maximum rate of 1 K/min for the ambient pressure and of 0.5 K/min for the high-pressure 
measurements in order to avoid generating substantial temperature gradients. 
A hydrostatic high-pressure environment for resistivity measurements was created using a piston 
cylinder cell produced by C&T Factory. 1:1 pentane-isopentane mixture was used as a pressure-
transmitting medium (remains liquid at room temperature for up to approximately 6 GPa51). Pressure 
was determined from the changes in resistance and superconducting transition temperature of a sample 
of Pb located next to the 1T-TaS2 sample. 
Powder X-ray diffraction measurements. The high-pressure powder X-ray diffraction data were 
collected at the BM01 Swiss-Norwegian beamline of the European Synchrotron Radiation Facility (ESRF) 
in Grenoble. The beam had a wavelength of 0.7458 Å and a 100x100 nm size. PILATUS@SNBL detector52 
was used for signal acquisition and the sample-detector distance was 146 mm. High pressures were 
generated with a diamond anvil cell using Daphne oil 7373 as the pressure transmitting medium. 
Stainless steel gasket was pre-indented to 50 µm thickness and had a hole of 250 µm diameter. Pressure 
was determined from the shift in the fluorescence wavelength of ruby53. The sample was rotated by 4° 
to improve statistics. Integrations were done with only minimal masking using BUBBLE software52. 
CrysAlis PRO and JANA200654 software packages were used for data processing and structural 
refinement, respectively. 
Density functional theory calculations. The density functional theory calculations were performed using 
the Quantum ESPRESSO package55, with ultrasoft pseudopotentials from Pslibrary56. The kinetic energy 
cut-off for wave functions was 70 Ry, whereas the kinetic energy cutoff for charge density and potential 
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was 650 Ry. We used PBE exchange energy functional57 and Marzari-Vanderbilt smearing58 of the Fermi 
surface of 0.001 Ry. The Brillouin-zone sampling used in self-consistent calculations was 6×6×12 k-points 
(with no shift). The Fermi surface were calculated with a denser mesh of 12×12×24 k-points. The on-site 
Coulomb interaction on Ta ions was taken into account within the DFT+U approach proposed by 
Cococcioni and de Gironcoli59. The Hubbard interaction U on Ta atoms was set to 2.41 eV. This number 
was chosen based on the values provided in other studies37,60 (U=2.27 eV and U=2.5 eV), as well as the 
value U=2.94 eV obtained for the undeformed 1T-TaS2 structure using the appropriate module within 
quantum ESPRESSO61,62. The convergence thresholds used for atomic structure relaxation were 0.0001 
(a. u.) and 0.001 (a. u.) for the total energy and atomic forces, respectively. 
Data availability 
The data that support the findings of this study are available from the corresponding authors upon 
reasonable request.  
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Supplementary Note 1. Validation of resistivity measurements by finite elements simulations 
To prove the reliability of our experimental results and assess the applicability of the chosen sample 
geometry for resistivity anisotropy measurements, we used the finite element analysis package COMSOL 
MultiphysicsTM in order to calculate the current density and voltage fields in a model replicating our 
microstructured sample (Supplementary Fig. 1). We imposed a fixed in-plane resistivity ρ‖=0.78 mΩcm 
(room temperature value for 1T-TaS2) and investigated how the resistivity anisotropy calculated from 
the potential differences across the voltage probes corresponds to the actual anisotropy, dictated by the 
variable out-of-plane resistivity ρ. As can be seen in Supplementary Fig. 2, for anisotropy values 
between approximately 0.1 and 100 we expect measurements to provide reliable values of ρ‖ and ρ 
Fig S3 shows the computed current density field inside the sample for the anisotropy values of 0.1, 1 and 
100. It can be seen that for the highest and lowest values of ρ ρ‖ the current jetting effects result in the 
slight divergence of the current flow lines along some of the probed sections of the crystal. In the 
isotropic case, which, according to our data, is the closest to the real situation, the current flows 
homogeneously between every pair of voltage probes.  
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a b 
Supplementary Figure 1 | Focused-ion-beam-structured sample. a, A scanning electron 
microscope image of the focused-ion-beam-structured sample of 1T-TaS2 used for our study (see Fig. 
2a of the main paper for the explanation of various features). b, A virtual model of the sample created 
for conducting finite element simulations of the current flow. Blue — 1T-TaS2, grey — gold layer. The 
dimensions of the actual sample and the model match. 
Supplementary Figure 2 | Applicability of the chosen sample geometry for resistivity 
anisotropy measurements. The finite element calculations were used to compute voltages at the 
probing points of the microstructured sample (see Fig. S1), which were used to calculate the apparent 
resistivity anisotropy (Computed anisotropy). The Computed anisotropy is plotted (dots) against the 
imposed intrinsic anisotropy (Material anisotropy). The dashed line indicates the perfect agreement 
between the values of the two anisotropies. The chosen sample geometry can be used to reliably 
measure the out-of-plane and in-plane resistivities if the ratio of the two quantities is roughly between 
0.1 and 100.  
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Supplementary Figure 3 | Simulated current density field in a microstructured sample. The plots 
show the magnitude of the current density (colour map) and the current flow trajectory (red lines) 
predicted by the finite element calculations for the focused-ion-beam-structured sample (see Fig. S1). 
The calculations were done for three different values of resistivity anisotropy (ρ ρǁ):  0.1 (a), 1 (b) 
and 100 (c). The ab-plane and c-axis are aligned, respectively, with the horizontal and vertical 
directions. In the ρ ρǁ=1 case the current flows homogeneously along all the probed sections of the 
sample. For ρ ρǁ=0.1 small current jetting can be observed in the c-axis oriented parts of the 
sample. For ρ ρǁ=100 some inhomogeneity in the current density can be seen inside the in-plane 
channel. 
25 
 
Supplementary Note 2. Explaining inconsistencies with the previously published 1T-TaS2 resistivity 
anisotropy values 
The comparable ρ‖ and ρof 1T-TaS2, presented in the main text of the article, are in an obvious 
contradiction with the ρ ρǁ values of approximately 500 and 2000 obtained, respectively, in the 
experiments of Hambourger & Di Salvo1 and of Svetin et al.2 In this section we provide the likely 
explanations of these discrepancies. 
In the case of Svetin et al. resistivity measurements have been performed on a very thin flake of 1T-TaS2 
(the dimensions of  110 µm x 10.5 µm x 90 nm are provided in the paper), which has been probed via 8 
electrodes, with 4 located on each side of the flake (Supplementary Fig. 4a). The out-of-plane resistance 
has been measured via the two-point method, with subsequent determination and subtraction of the 
contact resistances. When converting resistance to resistivity, the authors assumed that the current was 
distributed across the whole area of the flake, which would have been correct had the resistivity 
anisotropy of 1T-TaS2 been much more than 1. According to our results, this is not the case, therefore 
the much higher ρcan be explained by the massive overestimation of the current carrying cross-section 
area. 
Another issue is the fact that the plots of the ρǁ and ρagainst temperature provided in the paper by 
Svetin et al. have almost the same shape. Given the small thickness of the sample, if the contacts used 
for the interlayer resistivity measurements had been misaligned by more than several tens of 
nanometers, the resultant current path would have had a substantial in-plane component. Voltage drop 
due to this contribution could have been large enough to dominate over the genuine out-of-plane 
signal, resulting in effectively the same quantity being measured for the two nominally different current 
flow directions. 
The experiment of Hambourger & Di Salvo utilised a slightly unconventional measurement 
configuration, illustrated in Supplementary Fig. 4b. Using the notation introduced in the figure, and 
defining 𝑉𝐵𝐵′ and 𝑉𝐶𝐶′ as the potential differences between contacts B and B’ as well as C and C’, 
respectively, the authors claimed that resistivity anisotropy should have been inversely proportional to 
(ln 𝑉𝐵𝐵′ − ln 𝑉𝐶𝐶′)
2. For low enough anisotropy most of the current is expected to flow only in a small 
portion of the sample, in close vicinity of the contacts A and A’, making the voltages 𝑉𝐵𝐵′ and 𝑉𝐶𝐶′ 
extremely small and therefore difficult to measure. In order to verify this statement we used the finite 
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element analysis package COMSOL MultiphysicsTM for calculating the distributions of current density and 
voltage throughout the sample during a measurement. 
Supplementary Fig. 5 shows the model used for the calculations. Following the information provided in 
the paper, the sample was represented by a rectangular block of 5 mm length, 1.5 mm width and 100 
µm thickness (c-axis extent). The spacing between the electrodes was 1 mm and the electrodes 
themselves were chosen to be 50 μm wide. The excitation current was set to 5 mA, the same value as 
quoted in the paper. 
The virtual sample was assigned the in-plane resistivity value equal to that of 1T-TaS2 at room 
temperature (0.78 mΩcm). Imposing resistivity anisotropy of 10 results in the current density and 
voltage distributions shown in Supplementary Fig. 6. As expected, effectively all the current flowed 
directly between the electrodes A and A’, making 𝑉𝐵𝐵′ and 𝑉𝐶𝐶′ less than the resolution limit of 1 nV. 
Such a weak signal could have been easily overshadowed by various contributions due to systematic 
errors. A set of calculations for various anisotropy values shows (Supplementary Fig. 7) that for ρ ρǁ 
<100, voltage 𝑉𝐵𝐵′ becomes more than two orders of magnitude smaller than the potential difference 
between the current electrodes A and A’ (voltage 𝑉𝐶𝐶′ is substantially smaller than 𝑉𝐵𝐵′), meaning that 
barely any current flows close to the electrodes B and B’. The given measurement geometry is, 
therefore, only applicable for highly anisotropic materials.  
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Supplementary Figure 4 | Measurement geometries of the earlier studies of the resistivity 
anisotropy of 1T-TaS2. a, Photograph of the 1T-TaS2 sample and the measurement electrodes from 
the paper of Svetin et al.1 The c-axis of the crystal is perpendicular to the plane of the image. The 
electrodes 1–4 and 5–8 run, respectively, below and above the sample. b, Schematic representation 
of the measurement geometry used in the experiment of Hambourger & Di Salvo2 (redrawn according 
to the diagram in the paper). The smallest dimension of the sample (d) indicates the c-axis extent of 
the 1T-TaS2 crystal. 
Supplementary Figure 5 | Model of a 1T-TaS2 sample for simulating an earlier resistivity 
anisotropy measurement. A virtual model of the 1T-TaS2 sample (blue) in the experiment of 
Hambourger & Di Salvo2 (see Supplementary Fig. 4b) used for finite element calculations. Grey bars 
play the role of the current (A, A’) and voltage (B, B’, C, C’) electrodes. The dimensions (specified in 
the text) are consistent with the information provided in the paper. 
b 
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Supplementary Figure 6 | Simulated current density and voltage for an earlier 1T-TaS2 
resistivity anisotropy experiment. Colour plots of the calculated current density (a) and voltage (b) 
inside a sample for the measurement geometry used in the study of resistivity anisotropy (ρρǁ) of 1T-
TaS2 by Hambourger & Di Salvo2. The view corresponds to a plane parallel to the longest and the 
shortest edges of the sample and passing through the centre of it (see Fig. S5 for reference). The c-
axis of the crystal is in the vertical direction. Even for the imposed anisotropy of 10 (an order of 
magnitude higher than in reality) the current is concentrated in the vicinity of the current electrodes A 
and A’, leaving the voltage sensing electrodes B and B’ effectively at the same potential. 
Supplementary Figure 7 | Predicted voltage across electrodes as function of resistivity 
anisotropy. Potential differences across pairs of electrodes A and A’ as well as B and B’ 
(Hambourger & Di Salvo experiment2, see Fig. S4b and Fig. S5), predicted by finite element 
calculations, plotted as functions of resistivity anisotropy. 
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Supplementary Note 3. Microstructuring layered crystals using focused ion beam 
Preparation of samples using focused ion beam (FIB) has proven to be a powerful and reliable tool for 
probing intrinsic properties of solid state systems3. The technique is particularly useful for exploring 
charge transport anisotropy of single crystals owing to the possibility to precisely control the 
measurement geometry and therefore have accurate information regarding the dimensions of the 
sample and the flow of current within it4-6. The production of the 1T-TaS2 sample used for this study 
started with a monocrystalline flake of thickness of the order of 100 µm and area of a few square 
millimetres. First, a Helios G4 Xe Plasma FIB microscope, manufactured by FEI, was used in order to 
isolate a rectangular lamella of 115 μm length, 60 μm width and 4 μm thickness from the single crystal 
by milling away the surrounding material. For this process the ion column voltage and the beam current 
were set respectively to 30 kV and 60 nA. The 60 μm long edges of the lamella were aligned with the c-
axis of the crystalline lattice. After the lamella was extracted, its surface was polished via grazing angle 
milling at a significantly lower beam current of 1 nA. This procedure procedure ensures the parallelism 
of the sample surface. The lamella was subsequently positioned on a sapphire substrate with the largest 
face parallel to the surface. The top surfaces of the lamella and the substrate were etched by argon 
plasma for 5 minutes and sputter-coated by a 5 nm titanium layer followed by a 150 nm gold layer at a 
20° angle to the surface normal. We draw attention to the fact that no adhesive was used for attaching 
lamella to the substrate in order to reduce the effects of differential thermal contraction and 
compressibility during the subsequent experiments. The remaining FIB procedures were conducted in 
Helios G2 Ga FIB microscope (also produced by FEI). Pt contact points were grown by gas assisted 
deposition. Clearly visible in Fig. 2a of the main text of the article, they acted both as electrical 
connections and anchoring points, securing the lamella on the substrate. The deposited material is 
amorphous and has a higher resistivity than a pure metal, therefore in order to make the final 
electrodes more conductive the specimen was sputter-coated by the second 100 nm layer of gold. The 
ion beam was then used to expose the surface of 1T-TaS2 by milling away the metal film from the 
surface of the desired current paths of the lamella. Using a beam current of the order of 10 nA the 
current channel was defined by milling a set of trenches. The current channel had three extended 
straight sections between 3 µm and 5 µm wide, two parallel and one perpendicular to the c-axis of the 
crystal. Each of these sections had two branching points at which the voltages were probed. It should be 
noted that mechanical stresses experienced by the sample are enhanced in the vicinity of sharp concave 
edges of the structure7. The robustness of the microstructure can therefore be improved if the concave 
edges are rounded. As a final step, all exposed faces of the sample along the current channel were finely 
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polished with the ion beam of 1 nA current in order to reduce the surface roughness to the level of 
nanometers and remove most of the contaminated or damaged surface layer. The final dimensions of 
the sample, used for converting resistance to resistivity, were determined from the scanning electron 
microscope images. 
Due to a weak mechanical interlayer coupling, characteristic for many layered compounds, the final 
microstructure is extremely vulnerable to delamination due to shear stresses.  Throughout our study 
mechanical failures of this kind resulted in several FIB-structured samples getting irreversibly damaged, 
particularly during the high pressure experiments (Supplementary Fig. 8). We therefore emphasise the 
importance of minimizing the shear stresses potentially experienced by the microstructure. The details 
described above, such as choosing the particular dimensions, not having any adhesion between the 
probed region of the sample and the substrate and rounding of the convex edges, were crucial 
ingredients for the successful measurements. 
It also needs to be kept in mind that small size of a FIB-made sample enhance the Joule heating 
experienced by it. For the dimensions used in this study, excitation current of the order of milliamperes 
is capable of completely destroying the thin parts of the sample due to excessive heating. We therefore 
limited the excitation current used in our measurements to the maximum value of about 50 µA. 
Exposing a single crystal to FIB unavoidably subjects surface to some damage, penetrating to a depth of 
about 10–20 nm. This phenomenon generally does not manifest in resistivity measurements3, but the 
notion should still be considered, since it could have been, in principle, possible that during our 
measurements the intrinsic interlayer charge transport properties of 1T-TaS2 had been obscured by a 
contribution from a thin shell of damaged compound. We addressed this question by measuring the out-
of-plane resistivity on two parts of the crystal of different cross-section areas (within the same 
microstructure). Given different surface-to-volume ratios of the two channels, we found that there is no 
significant difference between their respective out-of-plane resistivity values, implying that the surface 
damage had a negligible effect.  
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Supplementary Figure 8 | Optimisation of sample geometry for high-pressure experiments. a, 
Scanning electron microscope image of a microstructured 1T-TaS2 sample, damaged during a high-
pressure experiments. Multiple cracks, propagating along the planes of layers, can be seen near 
convex edges of the sample, where mechanical stresses are enhanced. b, Image of the 
microstructured 1T-TaS2 sample of the latest iteration. In order to reduce the likelihood of 
mechanical failures, the minimum feature size was increased and all the convex edges were 
rounded. The sample successfully survived pressurisation to 2 GPa (image taken before applying 
pressure). In both images the c-axis of the crystal is oriented vertically. 
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Supplementary Note 4. Fermi-liquid metallicity of the interlayer charge transport in 1T-TaS2 
Analysis of the high-pressure resistivity data indicates (Supplementary Fig. 9) that at the highest achieved 
pressure of 2.1 GPa and below 30 K the out-of-plane resistivity (𝜌⊥) of 1T-TaS2 clearly follows the Fermi-
liquid behaviour, characterised by a quadratic temperature dependence of resistivity: 𝜌⊥ = 𝜌0 + 𝐴𝑇
2 (𝜌0 
– residual out-of-plane resistivity, 𝐴 – temperature independent coefficient acting as a rough measure of 
the strength of electron-electron interaction, 𝑇 – temperature). Results of a least-squares fit are displayed 
in Supplementary Fig. 9. 
 
  
Supplementary Figure 9 | Fermi-liquid behaviour of out-of-plane resistivity. Out-of-plane 
resistivity of 1T-TaS2 at 2.1 GPa (blue points) fitted with quadratic temperature dependence between 
7 K and 30 K (red line). The onset of superconductivity can be seen below 7 K. 
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Supplementary Note 5. Powder X-ray diffraction measurements 
The complexity of the lattice distortion in the NC phase of 1T-TaS2 is an important ingredient in 
determining the associated charge transport properties. Detailed information regarding the real-space 
structural parameters of the NC phase is scarce in the literature, therefore we conducted a synchrotron 
X-ray diffraction study of powdered 1T-TaS2. The measurements were conducted at room temperature 
and at pressures of up to 2.1 GPa. 
The minimally processed X-ray diffraction data can be seen in Supplementary Fig. 10. Supplementary Fig. 
11 shows how the average intralayer and interlayer Ta-Ta distances, as well as the volume of the crystal 
vary between 1 atm and 2.1 GPa. For this range of pressures the changes are approximately linear with 
about 5 times more rapid compression along the c-axis than along the layers. To further quantify the 
fragility of the C phase, we note that the pressure of 0.9 GPa, required for its full suppression, 
corresponds to merely 1.3% reduction in the c lattice constant.  
A thorough analysis showed that the in-plane superstructure modulation of the NC phase can be 
described by the wavevector 𝒒 =  𝛼𝒂∗ + 𝛽𝒃∗ (where 𝒂∗ and  𝒃∗ are the reciprocal lattice vectors and α 
and β are scalar coefficients). The obtained values of α and β are consistent with the published data 
from a high pressure study of 1T-TaS2 single crystals8. Monotonic variation of the coefficients upon 
pressure increase corresponds to the rotation of the 𝒒-vector towards 𝒂∗, while its magnitude remains 
at a constant value of 0.284(1) Å-1 (Supplementary Fig. 12). This corresponds to the rotation of the DS 
domain lattice upon the application of pressure from an approximately corner-sharing configuration at 1 
atm (Supplementary Fig. 13a) towards a honeycomb-like arrangement of hexagons at 1.6 GPa 
(Supplementary Fig. 13b). The edges of the DS domains maintain their orientation (13.9° with respect to 
the a-axis of the unreconstructed lattice) while the periodicity and size of the domains decrease. This 
real-space depiction of the lattice distortion in the NC phase is significantly more intricate than a 
commonly used representation by a Kagome lattice of hexagonal DS domains. The observed rotation 
closely resembles the structural change happening as a function of temperature, discovered in early 
scanning tunnelling microscopy experiments9,10. The domains cannot shrink indefinitely, and a further 
pressure increase results in a discontinuous transition to the IC phase (Supplementary Fig. 13c) during 
which β abruptly goes to zero while α increases, keeping |𝒒| constant.  
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The refinement allowed us to extract additional details regarding the structural evolution of the NC 
phase of 1T-TaS2 with pressure. The following changes occur upon increasing pressure from 1 atm to 1.6 
GPa at 293 K: 
 The average Ta-Ta distance for the first/second nearest neighbour within a DS decreases from 
3.37 Å/5.84 Å to 3.34 Å/5.80 Å. 
 The extent of a DS domain along its longest dimension, including/excluding incomplete clusters, 
goes from 5/4 to 4/3 clusters. 
 The percentage of Ta atoms involved in the clusters, including/excluding incomplete ones, goes 
down from 52%/81% to 30%/50%. 
 The period of the domain lattice is reduced from 75 Å to 65 Å. 
 The average distance between the clusters along the c-axis changes from 5.9 Å to 5.8 Å.  
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Supplementary Figure 10 | High pressure powder X-ray diffraction data for 1T-TaS2. Plots of 
intensity against the angle between the incident and reflected beams for different pressures. 
Measurements were done at room temperature. The ticks at the bottom of the plot indicate the Bragg 
reflections corresponding to the hexagonal unit cell parameters a ≈ 3.36 Å and c ≈ 5.8 Å. The other 
reflections are satellites of the superstructure modulation, with the wavevector 𝒒 =  𝛼𝒂∗ + 𝛽𝒃∗ (see 
the text for the definitions of symbols). 
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Supplementary Figure 11 | Transformation of the 1T-TaS2 lattice under pressure. Pressure 
dependence of the mean Ta-Ta distances within (a) and between (c) layers as well as the overall volume 
change (V). For the given pressure range the changes can be approximated as linear, which is 
illustrated with the fitted dashed lines. The crystal structure is visualised in the bottom left (grey – Ta, 
yellow – S). 
Supplementary Figure 12 | Change of the lattice distortion of 1T-TaS2 with pressure. Pressure 
dependence of the coefficients α and β of the in-plane lattice distortion modulation wavevector 𝒒 =
 𝛼𝒂∗ + 𝛽𝒃∗ (see the text for the definitions of symbols). The vertical stripe at 1.9 GPa marks the phase 
boundary between the NC and IC phases.  
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c 
Supplementary Figure 13 | Real-space lattice of 1T-TaS2 in presence of charge density waves. 
In-plane room temperature structure of 1T-TaS2 for the nearly-commensurate (NC) phase at 
atmospheric pressure (a) and 1.6 GPa (b) as well as the incommensurate (IC) phase at 2.1 GPa (c). 
The dots represent Ta atoms and the orange lines indicate that the interatomic separation is less than 
3.3 Å. The hexagons indicate the boundaries of the commensurately-reconstructed domains with the 
incomplete David-star-shaped clusters included (solid blue) or excluded (dashed cyan). 
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Supplementary Note 6. The real-space visualisation of the David-Star chains via electron density plots 
The formation of DS chains through interlayer hybridization appears to be the main mechanism beyond 
distinct intra-layer and inter-layer transport properties of 1T-TaS2 in the NC phase. At the level of 
geometry, the appearance of chains is the consequence of the structure of DS layers. This structure 
imposes that each DS in a given layer has only one nearest-neighbour DS in each of the adjacent layers, 
irrespective of the stacking. The precise form of the chains depends on the type of stacking and its 
periodicity. In the cases of A and L stackings, addressed in our DFT calculations, the DS chains follow 
straight lines. The NC phase has a 3-layer periodicity, so one can expect the DS chains to follow a helicoidal 
path with the stacking following a repeating sequence of L, I and H types for each consecutive pair of 
layers. At the level of electron dynamics, the chains appear as the consequence of strong hybridization 
within a DS—resulting in a formation of a single effective DS orbital—and a better hybridization between 
DS’s located in different adjacent layers than between DS’s in the same layer. These two features are 
directly visible in the electron density, calculated from the occupied states of the conduction band, shown 
in Supplementary Fig. 14 for the A and L stackings. First, within the layers the charge density in the regions 
between the DS’s is insignificant in comparison to the charge density inside the DSs’ (Supplementary Fig. 
13a,b). Second, the charge density in the space between a pair of nearby DS’s in two neighbouring layers 
is visibly larger that the charge density between pairs of DS’s in the same layer.  
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A stacking L stacking 
Supplementary Figure 14 | David-star chains illustrated through charge density in fully relaxed 
structures. The spatial distribution of the electron density, illustrated though iso-density surfaces, and 
calculated from the occupied states in the conduction band for relaxed structures of the A-stacked (a, 
c) and L-stacked (b, d) commensurately distorted 1T-TaS2.The distributions are viewed along the 
directions almost parallel (a, b) and almost perpendicular (c, d) to DS chains. The plots contain 2x2x5 
DS supercells for the A stacking, and 3x3x3 DS supercells for the L stacking. The c-axis direction, 
perpendicular to the layers of 1T-TaS2, is indicated by the blue arrows in the panels c and d. 
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